ABSTRACT
Since it was posited that a cytoplasmic isoform of PrP may be involved in prion diseases, controversies about the isoform's biogenesis and function have emerged in the literature. While the existence of cytoplasmic PrP in vivo and in different cell cultures systems has now been well-established, whether it has specific activity remains unknown. This review outlines recent evidence about the molecular activity of cytoplasmic PrP. Cytoplasmic PrP inhibits a normal cellular stress response by preventing the assembly of protective mRNA stress granules and the synthesis of heat-shock protein 70 following environmental stress. Interference with the stress response correlates with the coalescence of mRNAs in a large cytoplasmic ribonucleoprotein particle. This particle shares similarities with the chromatoid body, a particle that organizes and controls RNA processing in mammalian germ cells as well as in neurons and stem cells from planarians with high regenerative abilities.
INTRODUCTION
Prion diseases are fatal neurodegenerative disorders including Creutzfeldt-Jakob disease (CJD) in humans, bovine spongiform encephalopathy (BSE) in cattle, and scrapie in sheep and goats. The molecular feature of these disorders is the accumulation of abnormal prion protein conformers (PrP Sc ) derived from normal cellular host prion protein (PrP C ) (1) . If PrP Sc is directly responsible for the transmission of prion diseases, there is much evidence that argues against its direct neurotoxicity {(2-4). These recent observations have spawned debate about whether neuronal degeneration results from the loss of PrP C function or from a still elusive neurotoxic isoform of PrP. Recently, the discovery of a cytoplasmic form of PrP has fuelled this debate (5) (6) (7) (8) .
Although PrP C is primarily a plasma membrane GPI-anchored glycoprotein localized in specialized domains known as lipid rafts, the presence of PrP C has also been detected in the cytoplasm of different cell types in physiological conditions. PrP C is present in the cytosol in a subpopulation of neurons in the hippocampus, neocortex, and thalamus of mice (9) . PrP C is abundantly expressed in the cytoplasm of beta-pancreatic cells in rats (10) . Finally, PrP C is also associated with sperm cytoplasmic droplets (11) . All together, these results point to a possible role of PrP in the cytoplasm. This hypothesis seems to be supported by the observation that about 20% of PrP never translocates into the ER due to a particularly inefficient ER translocation signal (12) . Furthermore, cytoplasmic PrP was identified as the PrP isoform responsible for its neuroprotective activity in human primary neurons (10) .
Yet other evidence points to a noxious function of cytoplasmic PrP. Indeed, several pathological conditions result in an increase of cytoplasmic PrP levels, indicating that such an isoform may be involved in cellular toxicity. ER stress prevents nascent PrP molecules from being translocated into the ER (14, 15) . Expression of a PrP variant with reduced translocation into the ER was sufficient to cause several pathological manifestations of PrP-mediated neurodegeneration (16) . Evidence of cytoplasmic PrP aggregates was also found in the brain of prion-infected mice (17) . Thus, prions may facilitate mistrafficking of PrP in the cytosol. Cytoplasmic PrP levels increase in response to hyperglycemia in beta-pancreatic cells from rats { (10) . Hypoxia also induces the expression of a GPI-anchorless splice variant of PrP located in the cytosol of a human glioblastoma cell line (18) . This cytosolic variant has also been detected in human brains and in non-neuronal tissues (18) . Strong evidence for a pathological role of cytoplasmic PrP comes from in vivo studies in which the expression in transgenic mice of a recombinant PrP termed cyPrP without an ER translocation signal is neurotoxic and results host death (5) . The toxic activity of cytoplasmic PrP is also conserved in transgenic C. elegans, expressing the cytosolic form of the mouse prion protein (19) .
Cytoplasmic PrP is now a well-established isoform of PrP. Clearly, any function of cytoplasmic PrP in physiological or pathological conditions cannot be delineated without investigating its impact on cell physiology. This paper reviews recent experimental work that has led to the conclusion that PrP interferes with the cell stress response in the cytoplasm and induces the mistrafficking of several types of RNA molecules and concentrates them in a large ribonucleoprotein particle.
ACCUMULATION OF CYTOPLASMIC PrP RESULTS IN THE FORMATION OF LARGE AGGREGATES
PrP normally translocates into the ER and travels through the secretory pathway en route to the cell surface. Its appearance in the cytoplasm is therefore not trivial. Studies focused on the biogenesis and toxicity of cytoplasmic PrP led to the discovery of two possible pathways. The N-terminal signal peptide of PrP is relatively inefficient and the translocation of the protein through the ER membrane is regulated (12) . An alternative pathway to the cytoplasm by retrotranslocation from the ER was also revealed in different cell lines and in primary neurons (6, 20, 21) . These two mechanisms-insufficient translocation and retrotranslocation-are not mutually exclusive and their contribution to the accumulation of cytoplasmic PrP may vary depending on experimental conditions and cell types. These findings open the possibility that targeting of PrP to the cytoplasm is a controlled physiological mechanism and that PrP may also have a function in the cytosol. There are other examples in the literature of proteins having a function in two cellular locations (mostly mitochondrial and cytosolic), while recent data indicate that dual targeting of proteins appears to be more common than previously reported (22, 23) . Proteins with functions in both the ER and cytoplasm have also been proposed (24) .
Several strategies were developed to reconstitute the accumulation of cytoplasmic PrP in cultured cells, including the addition of drugs (such as cyclosporine and proteasome inhibitors) and the expression of a construct without N-and C-terminal signal peptides (7, 21, (25) (26) (27) . In all of these studies, cytoplasmic PrP is insoluble in nonionic detergents and becomes partially resistant to proteinase K digestion. Some investigators have extended their studies to determine the molecular morphology of cytoplasmic PrP aggregates. Similar to other aggregationprone proteins in eukaryotes, cytoplasmic PrP forms aggresomes (26, 27) . Aggresomes are large perinuclear protein aggregates with specific features. Small aggregates form throughout the cytoplasm and are transported on microtubules to the centrosome where they generally concentrate in an inclusion body surrounded by a cage of the intermediate filament protein vimentin. Aggresome formation is mediated by dynein/dynactin-mediated microtubule-based transport of misfolded proteins to the centrosome and involves several regulators, including histone deacetylase 6 and the carboxy terminus of the Hsp70-interacting CHIP protein (28) (29) (30) .
It should come as no surprise that PrP is able to form aggresomes in cultured cells. Many proteins implicated in several nonneurodegenerative and neurodegenerative diseases form aggresomes in cultured cells, spontaneously or in the presence of proteasomal inhibitors (31, 32) . These proteins include huntingtin (Huntington's disease), alpha-synuclein (Parkinson's disease), superoxide dismutase (familial amyotrophic lateral sclerosis), cytokeratins (alcoholic liver disease), and cystic fibrosis transconductance regulator (cystic fibrosis). Thus, abnormal cellular metabolism of these proteins is a possible pathogenic mechanism in these diseases; the accumulation of such proteins in proteinaceous inclusions is actively being investigated. In addition, some components of the aggresomal pathway have become potential targets for therapy in neurodegenerative disorders (32) .
Further experiments are required to address the issue of whether cytoplasmic PrP inevitably forms aggregates or if the protein remains soluble at low levels. This question is Figure 1 . Cytoplasmic PrP inhibits the cell-stress response. Any environmental stress-including oxidative stress, ER stress, and heat shock-elicits an integrated cell-stress response initiated by eiF2a phosphorylation by one of four stress kinases. The cellstress response normally involves three mechanisms: (1) inhibition of general protein synthesis, (2) assembly of stress granules (SGs) to store and protect mRNAs during the stress, and (3) synthesis of heat-shock proteins (Hsps). Cytoplasmic PrP induces a PKR-mediated phosphorylation of eiF2α and a general arrest of protein synthesis, but prevents the SG formation and Hsp synthesis. The cell stress response is incomplete, and cells are more sensitive to any subsequent environmental stress.
not trivial since levels and solubility may regulate cytoplasmic PrP function and toxicity.
CYTOPLASMIC PrP INHIBITS THE ASSEMBLY OF STRESS GRANULES AND ALTERS THE NORMAL DISTRIBUTION OF mRNAs
One question that we addressed was to test if cytoplasmic PrP induces cellular stress and elicits a cellular-stress response (Figure 1 ). Three mechanisms characterize the cell stress response. First, one of four kinases (RNA-dependent protein kinase PKR, PKR-like endoplasmic reticulum kinase (PERK), heme-regulated inhibitor (HRI), or general control non-derepressible-2 (GCN2) is activated and phosphorylates the translation initiation factor eIF2α at Ser51 (33) . This phosphorylation converts eIF2 from a substrate to a competitive inhibitor of eIF2B, which is the guanine nucleotide exchange factor responsible for regenerating eIF2-GTP. This results in a limited availability of the ternary complex eIF2-GTPtRNA-Met for the assembly of the 43S preinitiation complex, and thus a reduced rate of translation initiation (34) . Second, RNA granules-termed stress granules (SGs)-containing stalled translation initiation complexes are assembled in the cytoplasm (35) . SG components may be divided into three groups: stalled initiation complexes still bound to mRNA, mRNAbinding proteins linked to translational silencing or mRNA stability, and RNA-binding proteins that regulate mRNA splicing, RNA editing, and RNA localization (36) . Third, cells induce the synthesis of heat-shock proteins (Hsps) that participate in protein refolding, elimination of misfolded proteins, and apoptosis inhibition (37, 38) .
We observed that PKR is activated in cells expressing a PrP cytoplasmic construct and that the eukaryotic initiation factor eiF2α is phosphorylated at position Ser51 (39) . As expected, protein synthesis was also dramatically reduced in these cells. These observations are good indications that cytoplasmic PrP induces cell stress. The cell stress response was only partial, however, since no SG assembly and no synthesis of the major heatshock protein Hsp70 were observed (Figure 1) . Furthermore, cells did not display a complete response after an environmental stress such as oxidative stress, heat-shock treatment, or ER stress. Moreover, mRNAs did not accumulate in SGs and Hsp70 was not induced after these chemical insults. As a consequence, cells expressing cytoplasmic PrP were more sensitive to environmental stress (40) . It is important to note that all these effects are PrP specific. Other proteins forming aggresomes did not induce or interfere with the cell stress response (39) . Interestingly, scrapie-infected cells did not induce Hsp70 synthesis after oxidative stress or heat shock (40) . This common characteristic between prion-infected cells and cells expressing cytoplasmic PrP is remarkable. It supports the idea that PrP aggresomes may be present in scrapieinfected animals and participate in neurotoxic mechanisms in prion diseases (17) .
Cytoplasmic PrP is therefore an SG inhibitor. Many proteins independently promote the SG assembly and could be targeted by inhibition mechanisms (36) . Viruses have developed such strategies to inhibit SG assembly. Indeed, cells use SGs as a defence process to limit the availability of translation factors and to interfere with viral infections. Some viruses avoid the cell-stress response by targeting cellular proteins involved in SG formation. The poliovirus 3C proteinase cleaves and inactivates the Ras-GAP SH3 domain-binding protein (G3BP) (41) . The nonstructural rotavirus NSP3 protein is responsible for relocating the poly(A) binding protein in the nucleus (42) . The nonstructural protein NS3 from two different flaviviruses-West Nile virus and dengue virus-interact with T cell intracellular antigen-1 (TIA-1) and the related protein TIAR (43).
The mechanism by which cytoplasmic PrP inhibits SG assembly is novel: the protein induces mRNA aggregation (39) . Experiments using oligo-dT probes and fluorescence in situ hybridization (FISH) demonstrated that cytoplasmic PrP induces the coalescence of mRNAs and coaggregation with the aggresome; trapped mRNAs cannot be recruited to SGs (39) . Pull-down experiments in which PrP could be purified with and oligo-dT resin confirmed the interaction between the protein and polyA(+) RNA. Importantly, other proteins forming aggresomes did not trigger mRNA aggregation (39) . These observations agree with sequence homology-based predictions and large numbers of data demonstrating that PrP has nucleic-acid binding activity in vitro (44) (45) (46) (47) ). Yet further experiments described below indicate that the in vivo relationship between PrP and mRNA is more complex than simple interaction.
How cytoplasmic PrP inhibits SG assembly and heat-shock protein synthesis is significant, since these two mechanisms are essential neuroprotective pathways (48, 49) . Hsp70, whose expression is inhibited by cytoplasmic PrP, has clear neuroprotective activities in cellular and animal models of Alzheimer's disease (50), Parkinson's disease (51), amyotrophic lateral sclerosis (52) , and polyglutamine expansion diseases (53) . In addition, cells must be able to display full stress response to environmental stress, including oxidative stress. Cytoplasmic PrP inhibition of the cell-stress response may be the mechanism that makes this isoform toxic in vivo.
AGGREGATION AND HIGH LEVELS OF CYTOPLASMIC PrP ARE NOT ESSENTIAL FOR THE INHIBITION OF STRESS GRANULES AND mRNA AGGREGATION

mRNA Aggregation and SGs inhibition are independent from the aggregation of cytoplasmic PrP
Several mutants were tested to determine what PrP region is responsible for mRNA aggregation (54) . Since it was previously demonstrated that the structured Cterminal region of PrP contains the cytoplasmic aggregation determinant (27) , it was expected that a mutant deleted from the C-terminal domain would not be able to induce mRNA aggregation. In contrast, although the Nterminal domain did not form aggresomes, it still induced mRNA coalescence into a perinuclear inclusion body with structural and functional characteristics similar to protein aggresomes. mRNA aggregates formed in cells expressing the N-terminal domain of cytoplasmic PrP concentrated at the centrosome were surrounded by a cage of vimentin protein and could not be assembled upon microtubule disruption (54) . Conversely, a construct encoding the Cterminal domain of cytoplasmic PrP formed aggresomes but could not induce mRNA aggregation. Three important conclusions can be drawn from this experiment. First, aggregation of cytoplasmic PrP is not essential for mRNA aggregation; these two mechanisms are independent and can be separated. Second, the N-terminal domain of PrP causes the mRNA aggregation by a mechanism that remains to be discovered. Third, cytoplasmic PrP induces a new RNA organelle. This RNA organelle was termed PrP-RNP for PrP-induced ribonucleoprotein particle (54) . These findings also have implications for aggresome formation. In fact, they demonstrate that the aggresomal pathway may be activated by a mechanism independent of protein aggregation and that aggresomes are not necessarily composed of misfolded proteins.
mRNA aggregation and SGs inhibition occur at low levels of cytoplasmic PrP
The relation between cytoplasmic PrP levels and mRNA aggregation is an important question. To address this issue, a mutant of PrP unable to accumulate in large amounts in the cytoplasm and generally forming a small numbers of microaggregates was expressed (Figure 2 ). This mutant-Y162A-is still able to generate the PrP-RNP. This result implies that mRNA aggregation is not an artefact of overexpression of cytoplasmic PrP. Interestingly, Y162A also prevented SG formation after environmental stress (unpublished). Thus, the absence of SGs in cells expressing cytoplasmic PrP likely results from mRNA aggregation. However, other mechanims cannot be excluded.
THE RIBONUCLEOPROTEIN PARTICLE GENERATED UPON EXPRESSION OF PrP IN THE CYTOPLASM IS SIMILAR TO CHROMATOID BODIES
In an effort to better characterize PrP-RNP, the presence of different classes of RNA was sought by FISH using specific probes. PrP-RNP contains rRNA 5S, tRNAs, small nuclear U1 RNA, and micro-RNAs, including miR-122a, miR-21, and let-7a (54) . There is specificity in the RNA composition since cytoplasmic PrP did not modify the distribution of 18S and 28S rRNAs.
The only known large RNA organelle of similar composition described in the literature is the germ cell RNA granule, also called the chromatoid body. The chromatoid body constitutes a mechanism of centralizing the posttranscriptional processing and storage of various RNA species (55) . Its specific function is still unknown, but it is predicted to give germ cells the ability to differentiate, while maintaining a totipotent genome (56) . This RNA granule is also present in planarian neoblasts and neurons (57, 58) . Neoblasts are stem cells responsible for the strong regeneration ability of planarians. It has been proposed that the chromatoid body plays an essential role in this mechanism.
Chromatoid bodies are ribonucleoprotein particles. They contain a specific set of proteins, such as the mRNA Dcp1a decapping enzyme; the DEAD box-family RNA helicase VASA/MVH; Dicer; a double-stranded RNAseIII essential for RNA interference and miRNA biogenesis; and Sm proteins that are essential core components of small nuclear ribonucleoprotein particles present in the spliceosome (56) . Remarkably, Dcp1a, Dicer, and Sm proteins B/B'/N also accumulate in the RNA granule induced by cytoplasmic PrP. VASA/MVH is specific to germ cells and we have determined the localization of DDX6, a more ubiquitous DEAD-box RNA helicase. DDX6 also accumulates in the RNA organelle.
One important feature of chromatoid bodies is their contacts with nuclear pore complexes (59) . The connection between nuclear pore complexes and PrP-RNPs was confirmed by combining FISH with immunofluorescence using antibodies against FXFG repeat nucleoporins, which are positioned throughout the pore complexes (54) . Furthermore, high levels of FXFG repeat nucleoporins were also detected in PrP-RNPs. Altogether, these results indicate that PrP-RNPs and chromatoid bodies share striking structural similarities (54).
SUMMARY AND PERSPECTIVES
Two major issues remain unanswered in the field of prion diseases: the normal function of PrP and the nature of the toxic molecule. Unless these issues are elucidated, it may be difficult to find efficient therapies for these disorders. In this context, all isoforms of PrP, including cytoplasmic PrP, should be thoroughly investigated. In the cytoplasm, cytoplasmic PrP spontaneously changes conformation and aggregates, with high levels of the protein resulting in aggresome assembly. This property is shared by numerous proteins implicated in several neurodegenerative diseases. Cytoplasmic PrP interferes with two important cellular mechanisms. First, it inhibits two components of the cell-stress response, SG assembly, and Hsp synthesis. Second, it induces the mistrafficking of RNA molecules and the formation of a large ribonucleoprotein particle-PrP-RNP-of unknown function.
Although our knowledge about the biogenesis and molecular activity of cytoplasmic PrP is growing, the main unresolved issue concerns the function of this PrP isoform. The relation between cytoplasmic PrP, RNA, and cell-stress response certainly deserves further investigation. The resemblance between PrP-RNPs and the chromatoid body is particularly striking. This large particle could play a role in organizing and processing RNA molecules to help maintain a totipotent genome. The view from the cytoplasm on PrP and RNA may bring significant clues on the normal function of PrP and its role in neuronal toxicity in prion diseases.
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